I. INTRODUCTION
Interface exchange-coupling between ferromagnet (F) and antiferromagnet (AF) layers induces the unidirectional anisotropy of the F layer, which is known as the exchangebias effect. 1 The most important characteristics of this phenomenon are the enhanced coercive field (H C ) and the shift of a hysteresis loop from the origin, which is termed the exchange-bias field (H E ). The exchange-biased system has attracted much interest due to its technical application as a key component in spintronic devices, [2] [3] [4] despite the poor understanding of the microscopic origin. 5 Recently, several studies have focused on the magnetization reversal mechanism of an exchange-biased F layer to elucidate the underlying mechanism of the exchange-bias system. [6] [7] [8] [9] [10] [11] [12] [13] [14] One of the most interesting and unsolved issues pertaining to the magnetization reversal behavior of an exchange-biased F layer is whether asymmetry exists in the stochastic nature of the domain wall (DW) dynamics between both branches of a hysteresis loop. It is generally known that DW motion in an F layer reveals stochastic behavior [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] due to randomly distributed defects that exist within samples, which generally act as DW pinning sites during the magnetization reversal process. Considering the fact that the magnetization reversal behavior in an exchange-biased system is quite different between the two branches of a hysteresis loop, 7,9-11 one can expect that such an asymmetry will have an influence on the stochastic nature of the magnetization reversal process. Thus far, most studies of the asymmetric magnetization reversal behavior in an exchange-biased F layer have focused on differences in the reversal mechanism (e.g., domain patterns, jump size, nucleation site density) and their microscopic origins [9] [10] [11] 13 in a single reversal event. Thus, the statistical properties of the DW dynamics in an exchange-biased F layer and the asymmetric behavior of this layer remain undetermined.
Here, we show that the stochastic nature of the magnetization reversal dynamics in exchange-biased IrMn/CoFe film is apparently asymmetric between both branches of a hysteresis loop by means of a magneto-optical microscope magnetometer (MOMM), 26 which is capable of direct domain observation. This result can be explained by the fact that the degree of magnetic disorder during the backward branch reversal process is much higher than the forward branch reversal case, where an applied field is antiparallel to the direction of H E .
II. EXPERIMENTAL DETAILS
We prepared Si(SiO 2 )/MgO(3 nm)/Ir 22 Mn 78 (20 nm)/ Co 30 Fe 70 (30 nm)/TaN(3 nm) film using a magnetron sputtering method under a base pressure of 7 Â 10 À9 Torr and an Ar working pressure of 3 mTorr. After the deposition process, the film was annealed at 200 C for 30 min and cooled to room temperature in an applied magnetic field ($500 Oe) to induce the H E . The direction of H E and the uniaxial anisotropy axis in the CoFe film are parallel to each other. The film was capped with 3-nm-thick TaN to prevent oxidation.
The time-resolved domain reversal patterns and magnetization reversal curves were measured by means of a MOMM system. The probability distributions of the halfreversal time and the Barkhausen jump size were obtained from repetitive measurements of the magnetization reversal curves and the domain reversal patterns. All measurements were carried out at precisely the same observed area. The details of the MOMM setup are described in the literature.
III. RESULTS AND DISCUSSION
Figure 1(a) shows the hysteresis loop of IrMn/CoFe film measured by the MOMM. The applied magnetic field (H) is parallel to the exchange-biasing axis. It should be pointed out that the loop is significantly shifted from the origin, revealing the unidirectional anisotropy of the film. From the hysteresis loop, it can be seen that H E is much larger than H C , implying apparently asymmetric magnetization reversal behavior between both branches of the loop.
Figure 1(b) represents the domain reversal patterns for both the forward and backward branches. The color code from red to blue indicates the elapsed time from 0 to 6 s when the magnetization reverses from the initial application of the reversal field to the saturated sample. The reversal field indicated by the arrow is equal to 62.0 Oe (which is smaller than the H C value in the forward branch) and 42.3 Oe (which is larger than the H C value in the backward branch) upon both the forward and backward branch reversals, respectively. The domain images were measured at Â 500 magnification with a corresponding observation area of 80 Â 64 lm 2 . Note that the magnetization reversal behavior is fairly asymmetric dependent on the orientation H relative to the direction of H E . The reversal in the forward branch occurs via a sudden single jump, whereas the DWs are frequently pinned during the magnetization reversal process in the backward branch.
After more than 100 repeated measurements of the magnetization reversal curves, we obtained the statistical distributions of the magnetization half-reversal time (s) in both the forward and backward branches, as shown in Fig. 2 . Here, s was defined as the elapsed time at which half of the magnetization in the observation area switched. 27 In the case of the forward branch, the magnetization reversal occurs via a single jump, as mentioned earlier. Therefore, we defined s as the elapsed time for the magnetization in the observed area to reverse. It is interesting to note that the stochastic nature of the s distributions in the forward and backward branches is quite different. The distribution of s in the forward branch reversal shows that s does not vary significantly at either measurement. However, in the backward branch reversal case, s varies significantly upon each measurement, revealing the enhanced stochasticity of magnetization reversal dynamics despite the fact that all of the measurements (both forward and backward branch reversals) were carried out at precisely the same observed area.
To determine the asymmetric stochasticity of the magnetization reversal dynamics, we measured s while varying H. Figure 3 shows how s depends on H in both the forward and backward branches of a loop. It should be pointed out that s exponentially decreases as H increases during the forward branch reversal process. As mentioned earlier, forward branch reversal occurs via a sudden single jump. Accordingly, we conclude that the reversal mechanism involves a thermally activated depinning from a single potential barrier. In the thermally activated reversal mechanism, s can be determined k B T are the saturation magnetization, the activation volume, and the thermal energy, respectively. The s value pertaining to the forward branch reversal is well fitted using the equation above, implying that the degree of stochasticity in s is very low, as shown earlier in Fig. 2 . However, the backward branch reversal process shows quite different behavior. In this case, s is significantly scattered when varying H, as shown in Fig. 3 , showing behavior similar to that of a random Barkhausen avalanche dominant reversal mode. 24, 25 The major origin of this phenomenon is the enhanced degree of magnetic disorder during the backward branch reversal process. As mentioned earlier, forward branch reversal occurs via thermally activated depinning from a single potential barrier, indicating that the energy barrier is nearly equal throughout the sample area. On the other The domain reversal patterns of IrMn/CoFe film for both forward and backward branches. The color code from red to blue represents the elapsed time from 0 to 6 s after the reversal field was applied. The measurements were carried out at Â500 magnification, corresponding to an observed area of 80 Â 64 lm 2 . The direction of the applied magnetic field is indicates by the arrow.
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Lee et al. J. Appl. Phys. 111, 07D731 (2012) hand, in the backward branch reversal process, the DWs are randomly pinned during magnetization reversal, implying that the DW energy fluctuates locally in the film due to the higher degree of magnetic disorder. Thus, slight fluctuation of the initial state of DW can lead to the enhanced stochasticity of DW dynamics.
To further investigate the stochastic nature of the backward branch reversal process, we obtained the DW jump size distribution after more than 1000 repetitive experiments. The jump size s is defined as the change of the area in the domain image when the Barkhausen jump occurs. Figure 4 (a) shows six successive domain reversal patterns under the same experimental condition. Note that magnetization reversal occurs via discrete and jerky Barkhausen jumps. Additionally, the reversal patterns are quite different upon each measurement, showing random behavior with respect to the interval, size, and location, which is one of the most important characteristics of Barkhausen avalanches. 24, 25 The jump size distribution also confirms that magnetization reversal in the backward branch occurs via a Barkhausen avalanche dominant mode. As shown in Fig. 4(b) , the jump size distribution was found to display power-law scaling behavior; it can be fitted as PðsÞ $ s Àa with the critical exponent a ¼ 1:35 6 0:04, which is consistent with the Cizeau-Zapperi-Durin-Stanley (CZDS) model 28, 29 within an accepted range of measurement error. This can be expected from DW-motion-dominant magnetization reversal patterns, as shown previously in Fig. 4(a) : In the CZDS model, it is assumed that magnetization reversal only occurs via 180 DW motion; moreover, a value of a ¼ 1.33 is predicted in a two-dimensional system. We believe that a high degree of magnetic disorder during backward branch reversal induces the pinning and depinning of DW during magnetization reversal, resulting in Barkhausen critical scaling behavior with a critical exponent of 1.33. Note from Fig. 4(b) that the cutoff where the distribution deviates from the power-law scaling exists. Various causes such as the finite size effect, 19 demagnetization effect, 29 and variation of disorder distributions 24 have been suggested to explain the origin of the cutoff. In the results presented here, it is believed that the finite size effect is the primary origin of the cutoff in this system because the observed area of the MOMM system is limited.
IV. CONCLUSION
In summary, we investigated the stochastic behavior of DW dynamics in exchange-biased IrMn/CoFe film using the MOMM system. Surprisingly, the statistical distributions of s for both the forward and backward branches show that the DW dynamics is much more stochastic for the backward branch. This is due to the presence of DW pinning defects during the backward reversal process, which results in Barkhausen critical scaling behavior. In contrast, the forward branch reversal shows thermally activated depinning from a single potential barrier. The major origin of this behavior is believed to be the fact that magnetic disorder is asymmetric between both branches of a hysteresis loop. 
